Cardiomyocyte hypertrophy has been associated with diminished mitochondrial metabolism. Mitochondria are crucial organelles for the production of ATP, and their morphology and function are regulated by the dynamic processes of fusion and fission. The relationship between mitochondrial dynamics and cardiomyocyte hypertrophy is still poorly understood. Here, we show that treatment of cultured neonatal rat cardiomyocytes with the hypertrophic agonist norepinephrine promotes mitochondrial fission (characterized by a decrease in mitochondrial mean volume and an increase in the relative number of mitochondria per cell) and a decrease in mitochondrial function. We demonstrate that norepinephrine acts through a 1 -adrenergic receptors to increase cytoplasmic Ca 2+ , activating calcineurin and promoting migration of the fission protein Drp1 (encoded by Dnml1) to mitochondria. Dominant-negative Drp1 (K38A) not only prevented mitochondrial fission, it also blocked hypertrophic growth of cardiomyocytes in response to norepinephrine. Remarkably, an antisense adenovirus against the fusion protein Mfn2 (AsMfn2) was sufficient to increase mitochondrial fission and stimulate a hypertrophic response without agonist treatment. Collectively, these results demonstrate the importance of mitochondrial dynamics in the development of cardiomyocyte hypertrophy and metabolic remodeling.
INTRODUCTION
Cardiac hypertrophy is an adaptive compensatory cellular mechanism that is activated in response to a wide variety of stimuli, including hemodynamic overload, neurohormonal activation, ischemia or intrinsic defects in genes encoding cardiac structural proteins (Marian and Roberts, 1995; Frey et al., 2004; Barry et al., 2008) . At the cellular level, cardiomyocytes undergo several morphological and functional changes characterized by increases in cell size, contractile protein content and sarcomere assembly, in addition to changes in gene expression and mechanical properties, culminating in an increase in heart size (Ruwhof and van der Laarse, 2000; Ahuja et al., 2007) . Initially, cardiac hypertrophy can be beneficial because it improves myocardial function; however, prolonged biomechanical stimulation leads to pathological cardiomyocyte growth characterized by alterations in the extracellular matrix, loss of adrenergic responsivity, changes in metabolism, and altered expression of some contractile proteins (Diwan and Dorn, 2007; Bernardo et al., 2010) . Together, these changes can lead to cell death and irreversible structural cardiac remodeling associated with progressive ventricular dilatation and heart failure (Diwan and Dorn, 2007; Bernardo et al., 2010) .
The adrenergic system plays a key role in cardiac remodeling (Barki-Harrington et al., 2004) . Norepinephrine triggers cardiomyocyte hypertrophy through the activation of specific signaling pathways, including the Ca 2+ -activated protein phosphatase calcineurin (Taigen et al., 2000; Shibasaki et al., 2002; Wilkins and Molkentin, 2004; Heineke and Molkentin, 2006) . Molkentin et al. demonstrated that transgenic mice with cardiac-specific expression of a constitutively active form of calcineurin developed cardiac hypertrophy that quickly progressed to a dilated cardiomyopathy with signs of interstitial fibrosis and congestive heart failure (Molkentin et al., 1998) .
Mitochondrial function is essential for proper heart function. Cardiomyocytes need a large and constant supply of energy in order to accomplish an array of specialized and complex cellular processes including continuous repetitive contraction, maintenance of Ca 2+ homeostasis and coordinated function of diverse ion transporters (Huss and Kelly, 2005) . Given the high density of mitochondria in cardiomyocytes and the absolute dependence on mitochondrial oxidative phosphorylation to generate ATP for cardiac contraction, it is not surprising that pathological alterations in this tissue are often associated with changes in mitochondrial metabolism or function (Kuzmicic et al., 2011) . In advanced pathological hypertrophy, numerous changes in mitochondrial metabolism have been reported, including changes in substrate utilization, dysfunction of the electron transport chain and decreased capacity for ATP synthesis; resulting in a general deterioration of the cardiac metabolic function (Huss and Kelly, 2005; Neubauer, 2007) . Furthermore, several studies have shown that mitochondrial disorders often present themselves as cardiomyopathies. For example, mutations that decrease mitochondrial oxidative phosphorylation or alter the activity of proteins involved in the transport of mitochondrial substrates (such as adenine nucleotide and fatty acid transporter proteins), can cause cardiac hypertrophy, as can the depletion of mitochondrial DNA itself (Buchwald et al., 1990; Graham et al., 1997; Stojanovski et al., 2004) .
Mitochondria form highly dynamic networks, whose structure and distribution depend on the balance between the opposing processes of mitochondrial fission and fusion (Bereiter-Hahn and Vöth, 1994; Okamoto and Shaw, 2005; Chan, 2006) . In mammalian cells, the main regulators of mitochondrial fusion are the dynamin-related GTPases mitofusin (Mfn) 1 and 2 and optic atrophy protein 1 (OPA1) (Chen et al., 2003; Ishihara et al., 2006; Song et al., 2009) , whereas the mitochondrial fission 1 protein (Fis1) and the dynamin related protein-1 (Drp1, encoded by Dnml1) control the mitochondrial fission process (Yoon et al., 2003; Jofuku et al., 2005) . A continuous balance in mitochondrial dynamics is crucial for maintaining proper mitochondrial function. Furthermore, alterations in mitochondrial fission or fusion proteins are directly associated with mitochondrial dysfunction (Chen et al., 2005; Pich et al., 2005; Benard et al., 2007; Parone et al., 2008) .
In the adult cardiac muscle, mitochondria are arranged in a longitudinal fashion, tightly packed between myofibrils, thus preventing the free movement of mitochondria through the cytosol (Vendelin et al., 2005; Beraud et al., 2009) . In electron micrographs of normal heart tissue, intermyofibrillar mitochondria are often observed spanning a single sarcomere from Z-band to Z-band, suggesting that mitochondrial dynamics are under strict topological constraints. Indeed, the heart contains higher levels than other tissues of many of the proteins involved in the regulation of mitochondrial dynamics, and alterations in both fusion and fission processes have been associated with several pathological heart conditions (Kanzaki et al., 2010; Ong et al., 2010) . For example, increased mitochondrial fission has been documented in models of ischemia-reperfusion and pharmacological inhibition of the mitochondrial fission protein Drp1 has been shown to reduce infarct size in mice subjected to coronary artery occlusion and reperfusion (Ong et al., 2010) . Moreover, other studies using the a-adrenergic agonist phenylephrine to induce hypertrophy have demonstrated a decrease in mRNA levels of the mitochondrial fusion protein Mfn2 (Fang et al., 2007) . In models of angiotensin-II-induced cardiac hypertrophy, pretreatment of cardiomyocytes with an adenovirus encoding Mfn2, increased Mfn2 expression and subsequently attenuated the hypertrophic response (Yu et al., 2011) .
Taken as a whole, the clinical and experimental evidence point to an important role for mitochondrial dynamics in the development of cardiac hypertrophy. Nevertheless, how mitochondrial morphology and specific mitochondrial fusion and fission events affect the development of cardiomyocyte hypertrophy is still unclear. The aim of this study was to use a controlled in vitro system to test the relationship between mitochondrial dynamics and cardiomyocyte hypertrophy. Mitochondrial morphology and function were studied and manipulated in cultured neonatal rat cardiomyocytes treated with norepinephrine to model an adrenergic hypertrophic stimulus and ascertain the contribution of mitochondrial dynamics to the hypertrophic response.
RESULTS

Norepinephrine induces mitochondrial fission in cultured cardiomyocytes
To characterize the morphological changes of the mitochondrial network during hypertrophic cardiomyocyte growth triggered by catecholamines, cultured cardiomyocytes were treated with norepinephrine (10 mM, 0-48 h) and stained with the mitochondrial-specific probe Mitotracker Green (400 nM, 30 min). Three-dimensional images were obtained by confocal microscopy and then the Z-stacks of the thresholded images were volume-reconstituted as previously described (Parra et al., 2008; Parra et al., 2014) . Our results showed that after 24 h, norepinephrine-treated cells presented a less connected mitochondrial network consistent with increased mitochondrial fission (Fig. 1A) . These morphological observations were further confirmed by the quantification of the percentage of cells exhibiting a fragmented mitochondrial morphology, the mean relative volume of individual mitochondria and the relative number of mitochondria per cell. Fig. 1B (top panel) shows that norepinephrine significantly increased the percentage of cells that displayed fragmented mitochondria from 14%61 (control, 0 h) to 39%68 and 53%68 after 24 and 48 h of norepinephrine incubation, respectively (mean6s.e.m.). Moreover, norepinephrine treatment also decreased the volume of individual mitochondria showing a 23%68 decrease after 24 h (Fig. 1B , middle panel) and a further decrease after 48 h of norepinephrine incubation (46%62). Conversely, the relative number of mitochondria per cell increased significantly by 48%60.1 and 84%61 at 24 and 48 h of norepinephrine treatment, respectively (Fig. 1B, lower panel) .
To confirm these results, we performed indirect immunofluorescence to detect the endogenous mitochondrial protein mtHsp70 (also known as HSPA9) (Liu et al., 2003) . By co-staining with phalloidin-Rhodamine, we were able to correlate mitochondrial network fragmentation with an increase in sarcomere structure and abundance in the cells treated with norepinephrine. As shown in Fig. 1C , the double staining revealed that cardiomyocytes exhibited a hypertrophic phenotype, determined as an increase in the cellular area and sarcomeric structure (Fig. 1D) . Cardiomyocytes also presented an increase in the number of mitochondria per cell and a decrease in the mean mitochondrial area compared to controls (Fig. 1E) .
Additionally, to establish whether the changes observed in the morphological structure of the mitochondrial network occurred in conjunction with a decrease in mitochondrial biogenesis or an increase in mitochondrial degradation, we evaluated mitochondrial mass by quantifying the total amount of the mitochondrial protein mtHsp70. As shown in supplementary material Fig. S1A , norepinephrine did not change the mtHsp70 levels measured by western blotting. This result was further confirmed using flow cytometry and the specific mitochondrial dye Mitotracker Green (supplementary material Fig. S1B ). Taken together, these data strongly suggest that norepinephrine stimulates cardiomyocyte hypertrophy and also triggers fragmentation of the existing mitochondrial network without changing the existing balance between the rates of mitochondrial synthesis and turnover.
Norepinephrine decreases the mitochondrial function in cultured cardiomyocytes
Cardiomyocyte hypertrophy has been associated with decreased mitochondrial metabolism or functional capacity (Huss and Kelly, 2005; Neubauer, 2007) . Therefore, we evaluated four different parameters of mitochondrial function in our norepinephrineinduced cardiomyocyte hypertrophy model. As shown in Fig. 2A -C, both mitochondrial membrane potential (Y m ) and the intracellular levels of ATP decreased after the treatment of cardiomyocytes (48 h) with norepinephrine (222%, P,0.05; and 225%, P,0.05, respectively). Whereas overall cellular reactive oxygen species (ROS) production was enhanced (39%, P,0.05), potentially reflecting mitochondrial dysfunction and increased loss of electrons through the electron transport chain. Importantly, the decreased mitochondrial function was not correlated with an increase in cell death in response to norepinephrine treatment as shown in supplementary material Fig. S1C .
To directly assess changes in mitochondrial oxidative phosphorylation (OXPHOS) we measured oxygen consumption rates in cardiomyocytes at baseline and under conditions of maximal uncoupling. Cardiomyocytes treated with norepinephrine showed a drop in both baseline and CCCP-uncoupled cellular oxygen consumption (Fig. 2D) , decreasing the respiratory control ratio from 1.560.14 to 1.260.11 after 48 h (6s.e.m., P,0.05; supplementary material Fig. S1D ). Taken together, these results indicate that norepinephrine both increases mitochondrial fragmentation and decreases mitochondrial function in cardiomyocytes.
Norepinephrine stimulates mitochondrial localization of Drp1 in cultured cardiomyocytes
To elucidate the mechanism of norepinephrine-dependent mitochondrial fission, changes in the levels of fusion and fission machinery proteins were assessed. Western blot analysis indicated that the abundance of either Drp1 or Fis1, two proteins central to the mitochondrial fission process, did not change after norepinephrine treatment, nor was there a significant change in the levels of either Mfn2 or OPA1, proteins of the mitochondrial fusion machinery (Fig. 3A,B) . Because several studies have reported that loss of mitochondrial membrane potential enhances the cleavage of long isoforms of OPA1 (OPA1L), accumulating short protein isoforms (OPA1S) and promoting mitochondrial fission (Song et al., 2007; Ehses et al., 2009; Head et al., 2009) , we also looked for changes in levels of specific OPA1 isoforms. However, no changes were found in the OPA1L:OPA1S ratio (Fig. 3B) .
Previous studies (Yoon et al., 2003; Parra et al., 2008) have established the migration of Drp1 from the cytosol to Fis1- containing fission points on the mitochondrial surface as an initial step in mitochondrial fragmentation. Therefore, we next evaluated whether mitochondrial fission triggered by norepinephrine was associated with changes in the distribution of Drp1. Our immunofluorescence studies indicated that the punctate distribution pattern of Drp1 was accentuated after 48 h of incubation with norepinephrine ( Fig. 3C ). At the same time, no changes in Fis1 content were observed, although the extent of colocalization of both proteins increased as evaluated by means of the Pearson's coefficient (R). Moreover, norepinephrine increased the effective colocalization of Drp1 with Fis1 (P,0.05), but not the effective colocalization of Fis1 with Drp1 ( Fig. 3D) , as evaluated by Manders' coefficients, thus suggesting that Drp1 migrates to mitochondria after norepinephrine stimulation, whereas Fis1 is associated with mitochondria under both conditions. To corroborate these results, mitochondrial protein fractions were isolated from cultured rat cardiomyocytes treated with norepinephrine for 0, 24 and 48 h. Then Drp1 protein levels were evaluated by western blotting. The results show an increase in Drp1 levels in the mitochondrial fractions of cardiomyocytes treated with norepinephrine for 48 h compared to controls (Fig. 3E ).
Inhibition of mitochondrial fission prevents cardiomyocyte hypertrophy and decreased the mitochondrial dysfunction triggered by norepinephrine
In order to test whether the effects of norepinephrine on the mitochondrial fission machinery are relevant to its effects on mitochondrial function and cardiomyocyte growth, we next studied the impact of Drp1 inhibition on the cardiomyocyte response to norepinephrine. To this end, cells were transduced with adenoviruses encoding a dominant-negative mutant form of Drp1 (K38A) or a control adenovirus (LacZ) (supplementary material Fig. S2A ). The Drp1K38A mutation affects GTPase activity and inhibits mitochondrial fission (Smirnova et al., 2001; Liesa et al., 2008; Hernández-Alvarez et al., 2013) . In agreement with earlier reports, Drp1K38A caused an increase in the baseline mitochondrial mean volume compared with LacZ-transduced cells (supplementary material Fig. S2 ). Importantly, the cells transduced with the control LacZ virus responded to norepinephrine with an increase in sarcomere abundance, sarcomere organization and cell size that was similar to non-transduced cells. In response to norepinephrine stimulation, Drp1K38A-transduced cardiomyocytes showed a decreased percentage of sarcomeric cells compared to LacZ-transduced cells (43.5%69.6 vs 73.2%611.4, respectively, mean6s.e.m.) (Fig. 4A,B ). There was no increase in cardiomyocyte cell area relative to vehicle-treated cells ( Fig. 4C ) and sarcomeric organization was reduced (Fig. 4D ). Consistent with a reduction of hypertrophic growth, Drp1K38A blocked the norepinephrinedependent increase in fetal cardiac b-myosin heavy chain (b-MHC) protein levels ( Fig. 4E ) and significantly decreased atrial natriuretic factor (ANF, encoded by Nppa) and RCAN 1.4 (exon 4 isoform encoded by the Rcan1 gene) transcript levels (Fig. 4F) , both classic markers of the hypertrophic response. Importantly, the drop in cardiomyocyte oxygen consumption rate in response to norepinephrine (48 h) was completely prevented in the cells transduced with Drp1K38A (Fig. 4G) , suggesting that mitochondrial fission is a required step for norepinephrine-induced cardiomyocyte hypertrophy as well as the norepinephrine-induced reduction in mitochondrial functional capacity. To confirm this we used an alternative approach to promote mitochondrial fission (Fig. 5) . Cardiomyocytes transduced with an antisense adenovirus targeting the fusion protein Mfn2 (AsMfn2) (Bach et al., 2003 ) displayed a fragmented mitochondrial network (supplementary material Fig. S3 ) along with an increase in the extent of sarcomerization and relative cell area (Fig. 5A-D) . Moreover, transduction with the AsMfn2 adenovirus alone was sufficient to increase b-MHC protein levels, increase the ANF and RCAN 1.4 transcript levels, and decrease the consumption of oxygen (Fig. 5E-G) , all changes similar to those seen in norepinephrine-treated cardiomyocytes. Collectively, these results suggest that mitochondrial fragmentation is sufficient to trigger changes in mitochondrial function and cardiomyocyte hypertrophy.
The a1-adrenergic-receptor-Ca 2+ -calcineurin pathway plays a key role in the mitochondrial fission stimulated by norepinephrine
Classically, norepinephrine-induced cardiomyocyte hypertrophy has been associated with the activation of a1-adrenergic receptors and their second messenger Ca 2+ (Frey et al., 2004) . In this regard, the drug Prazosin (Praz), an a1-adrenergic receptor antagonist used to treat high blood pressure and anxiety, has been shown to have beneficial effects in the treatment of hypertrophy induced by left ventricular pressure overload (Day et al., 1997; Perlini et al., 2006) . Accordingly, pre-treatment of cardiomyocytes with Praz fully suppressed the mitochondrial fragmentation induced by norepinephrine, reducing the increase in the relative number of mitochondria per cell and preserving mitochondrial volume (Fig. 6A,B) . Consequently, Praz also prevented the increase in intracellular Ca 2+ levels observed after norepinephrine treatment (Fig. 6C) . Ca 2+ has been identified as an important second messenger in the development of cardiomyocyte hypertrophy downstream of a1-adrenergic receptors. In this pathway, activation of phospholipase C promotes release of internal Ca 2+ stores, which in turn activates calcineurin, known to play a central role in hypertrophy and pathological cardiac remodeling. Calcineurin and its transcription factor target, nuclear factor of activated T cells (NFAT), increase the expression of the exon 4 isoform of the Rcan1 gene, which encodes an endogenous feedback inhibitor of calcineurin activity (Rothermel et al., 2003) . RCAN1.4 protein levels were elevated in cardiomyocytes treated with norepinephrine ( Fig. 6D ) consistent with a model in which norepinephrine stimulation promotes downstream activation of calcineurin.
Distinct post-translational modifications of Drp-1 regulate its activation and translocation to mitochondria (Santel and Frank, 2008) . Phosphorylation by cyclic-AMP-dependent protein kinase (PKA) at Ser637 in the GTPase effector domain of Drp-1 decreases its GTPase activity reducing mitochondrial fission (Santel and Frank, 2008) . Phosphorylation of this PKA-dependent site can be reversed by calcineurin, thus promoting its translocation to mitochondria and engaging mitochondrial fission (Chang and Blackstone, 2007; Cribbs and Strack, 2007) . The treatment of cardiomyocytes with norepinephrine for 48 h decreased the phosphorylation of Drp-1 at Ser637 (Fig. 6E) , thus connecting the development of hypertrophy and the activity of . (E) Drp1 protein levels (mean6s.e.m.; n54) were determined by western blot assay in mitochondrial and cytosolic extracts from cardiomyocytes treated with norepinephrine for 0, 24 and 48 h or transfected with calcineurin adenovirus (CN). mtHsp70 and GAPDH were used as mitochondrial and cytosolic markers, respectively. *P,0.05.
calcineurin with the activation of mitochondrial fission at the level of Drp1.
Next, to further define the connection between mitochondrial fission and hypertrophic remodeling induced by norepinephrine, we used two approaches to test the dependence of mitochondrial network fragmentation on calcineurin activity: (1) an adenovirus encoding a noncompetitive calcineurin inhibitory peptide (CAIN), and (2) an adenovirus encoding a constitutively active calcineurin (Delling et al., 2000; Yoon et al., 2003; Jofuku et al., 2005) . Both CAIN and the constitutively active calcineurin adenoviruses were tested for their ability to decrease or increase RCAN1.4 protein levels, respectively (supplementary material Fig. S4A,B) . The transduction of cardiomyocytes with the adenovirus CAIN decreased all the effects of norepinephrine on mitochondrial morphology (Fig. 7A,B) , preventing the increase in the percentage of cells displaying fragmented mitochondria, as well as the decrease in mitochondrial relative volume and the increase in the number of mitochondria per cell. Conversely, transduction of cells with the constitutively active calcineurin adenovirus, increased mitochondrial network fragmentation as assayed by the same parameters described previously (Fig. 7A,B ) and, conversely, there was an increase in the amount of Drp1 protein fractionating with mitochondria (Fig. 3E) . Furthermore, the CAIN adenovirus also prevented the drop in the oxygen consumption rate induced by norepinephrine (Fig. 7C) . Taken together, these results are the first to connect the development of calcineurin-dependent hypertrophy with mitochondrial network fragmentation and the mitochondrial metabolic alterations observed during the onset of this pathological state. A recent paper using cardiomyocyte-specific Mfn2-knockout mice showed that Mfn2 plays a role in mitophagy (Chen and Dorn, 2013) . This process requires a mitochondrial fusion and fission balance to produce mitochondria small enough to be subject to degradation (Twig et al., 2008) . Mitophagy is the basis of mitochondrial quality control and therefore crucial for maintaining a fully functional network. To address the possible participation of mitophagy in our model, we tested whether our experimental strategy also stimulates mitophagy. Either norepinephrine treatment or infection with the AsMfn2 antisense adenovirus increased the colocalization of Parkin with mitochondria (supplementary material Fig. S4C,D) , consistent with activation of mitophagy. This agrees with our previous work demonstrating that depletion of Mfn2 from skeletal muscle cells increased colocalization of Lysotracker Red with a mitochondrial marker, suggesting that the disruption of the continuity of the mitochondrial network increases mitochondrial turnover .
Finally, to investigate whether a metabolic change directly enhances hypertrophy, we tested the effect of a respiratory mitochondrial inhibitor in the development of cardiomyocyte hypertrophy. To this end, cultured rat cardiomyocytes were treated with the ATP synthase inhibitor oligomycin (0.2-2 mM) for 48 h. Cells were then fixed and stained with phalloidinRhodamine to determine cell area as a hypertrophic parameter. As shown in supplementary material Fig. S4F , the results do not show significant changes in the induction of hypertrophic response. However, future studies should investigate in more detail whether a direct mitochondrial metabolic stress stimulates the onset of cardiomyocyte hypertrophy.
DISCUSSION
There is a strong association between cardiac pathologies and changes in mitochondrial form and function. As a high-energy demanding tissue, cardiac muscle might be particularly sensitive to any dysregulation of metabolism (Kuzmicic et al., 2011) . Mitochondrial dynamics are key determinants of mitochondrial form and function but their role in the progression of cardiac diseases is not yet fully understood. Furthermore, little is known with respect to how mitochondrial morphology changes during hypertrophic growth of cardiomyocytes or the mechanisms that control the process. It is clear, however, that such changes occur because a fragmented mitochondrial phenotype has been observed in diverse pathological models of cardiac remodeling or heart failure (Chen et al., 2009; Ong et al., 2010) .
The data presented here suggest a role for mitochondrial fission in the development of catecholamine-induced cardiac hypertrophy and demonstrate the potential of preserving mitochondrial fusion as an approach to cardioprotection. By using multiple independent assessments, we demonstrated that treatment with norepinephrine caused changes in mitochondria indicative of reduced functional capacity. These included a decrease in oxygen consumption, a decrease in mitochondrial membrane potential and a reduction in total cellular ATP levels. Importantly, fragmentation of the mitochondrial network preceded these metabolic alterations in response to norepinephrine. We did not observe any changes in the levels of mitochondrial fission and fusion proteins in neonatal rat cardiomyocytes treated with norepinephrine. This suggests that the changes seen in mitochondrial morphology and function were due to changes in the regulation of the activity of the fission and fusion machinery rather than due to changes in the abundance of individual components. This is contrary to a number of previous studies reporting changes in the protein or mRNA levels of several proteins involved in mitochondrial dynamics under various hypertrophic conditions (Fang et al., 2007; Chen et al., 2009; Javadov et al., 2011) . The reason for these contrasting findings might lie in the specifics of the experimental system or severity of stimulus. We specifically chose to use norepinephrine at a concentration sufficient to induce hypertrophic growth but that did not compromise cell viability. This allowed us to examine mitochondrial and metabolic remodeling independently of the activation of cell death pathways.
The fission process requires the recruitment of cytosolic Drp1 to mitochondria and the subsequent fragmentation of the mitochondrial network by membrane constriction (Smirnova et al., 2001) . The importance of Drp1 in the development of cardiac diseases has been demonstrated in other studies. Ashrafian et al. have observed that transgenic mice with a mutation in the middle portion of Drp1 (mutation that alters the interaction between Drp1 monomers), developed ventricular wall thinning, interstitial fibrosis and a significant decrease in contractile function (Ashrafian et al., 2010) , demonstrating that Drp1-mediated processes are essential for the maintenance of normal cardiac function. Another study showed that during periods of cardiac ischemia in mice, mitochondrial fission occurs in a Drp1-dependent manner. Furthermore, the use of a pharmacological inhibitor for Drp1, mdivi-1, prevented fragmentation of the mitochondrial network, reduced cell death and was associated with both a decrease in the opening of the mitochondrial permeability transition pore and the preservation of mitochondrial membrane potential during post-ischemia reperfusion (Ong et al., 2010) . Related studies showed that mdivi-1 treatment ameliorated pressure overload-induced heart failure in mice subjected to ascending-aorta banding (Givvimani et al., 2012). Taken together, these results suggest that a reduction in Drp1-mediated mitochondrial fission can prevent detrimental changes in development of cardiac pathologies but insinuate that a complete loss of Drp1 function can likewise be detrimental. Our results reinforce this concept by showing that the inhibition of mitochondrial fission, with a dominant negative adenovirus for Drp1, prevents hypertrophy in neonatal cardiomyocytes, acting not only to blunt hypertrophic growth, but also to prevent norepinephrine-mediated reductions in mitochondrial function. These findings support a model in which Drp1 plays a crucial role in the development of heart diseases.
The fact that an antisense adenovirus against the fusion protein Mfn2, as an alternative approach to increase mitochondrial fission, was sufficient to stimulate hypertrophic growth of cardiomyocytes, in the absence of external stimuli, suggests that it is a change in the overall balance between fission and fusion itself that might mediate the hypertrophic response, rather than some specific function of Drp1 apart from its role in control of mitochondrial dynamics. Consistent with our findings, Mfn2-deficient mice display cardiac hypertrophy accompanied by eventual functional deterioration (Papanicolaou et al., 2011) . In addition to its role in mitochondrial fusion, Mfn2 also participates in various cellular processes. For example, de Brito and Scorrano found that Mfn2 directly interacts with Ras and inhibits the RasRaf-MEK-ERK1/2 pathway (de Brito and Scorrano, 2009).
Furthermore, decreased levels of Mfn2 in MEFs increased the phosphorylation of ERK1/2 (de Brito and Scorrano, 2009), and activation of ERK1/2 is known to be sufficient to promote a hypertrophic growth in cardiomyocytes (Ramirez et al., 1997; Bueno et al., 2000; Clerk et al., 2006) . Mfn2 also participates in the interaction between mitochondria and ER, which is essential for maintaining proper mitochondrial Ca 2+ uptake and the subsequent stimulation of mitochondrial metabolism (de Brito and Scorrano, 2009; Cárdenas et al., 2010; Bravo et al., 2013) .
Sustained calcineurin activation has been shown to be sufficient to promote cardiac hypertrophy both in vitro and in vivo (Molkentin et al., 1998) . Calcineurin activity can also lead to an increase in mitochondrial fission through mechanisms involving dephosphorylation of Drp1 at Ser637 (Cereghetti et al., 2008) . This study demonstrates that stimulation of the a 1 -adrenergic receptor by norepinephrine leads to an increase in cytoplasmic Ca 2+ levels and activation of calcineurin, culminating in subsequent fragmentation of the mitochondrial network. Remarkably, the dominant-negative Drp1 mutant not only blocked mitochondrial fission in response to norepinephrine, it also inhibited hypertrophic growth. By contrast, inhibition of calcineurin prevented mitochondrial fission in response to norepinephrine, suggesting that both mitochondrial fission and hypertrophic growth might be directly linked through cross talk of Ca 2+ /calcineurin-dependent processes. For instance, increased mitochondrial fission has been associated with a decrease in the Ca 2+ uptake capacity of the mitochondria . Such a reduction in mitochondrial Ca 2+ buffering capacity could potentially lead to a subsequent increase in cytosolic Ca 2+ or an increase in the duration of a cytoplasmic Ca 2+ signal. Could such a mechanism feed-forward to prolong or sustain calcineurin activation sufficiently to bring about hypertrophic growth? The data presented here are consistent with this and provide the groundwork for further investigation to test such a model.
The interdependence of calcineurin-mediated hypertrophy and mitochondrial network fragmentation during the onset of hypertrophy might give insight into the mechanism of action of recent studies examining the role of micro in cardiac hypertrophy. miR-499 has been shown to target the catalytic subunit of calcineurin, therefore inhibiting Drp1 dephosphorylation and thus both inhibiting hypertrophic growth and decreasing mitochondrial fragmentation . Interestingly, increased expression of miR-499 protects the heart from changes during ischemia reperfusion, similarly to pharmacological inhibition of fission using mdivi-1. Taken together with our results, these studies argue in favor of promoting mitochondrial fusion as a protective strategy in calcineurin-dependent heart disease.
In our study we identify the following limitations: (1) AsMfn2 acts by blocking mitochondrial fusion rather than by actively promoting mitochondrial fission, therefore, future studies should be designed to promote mitochondrial fission directly by overexpression of Mff (Gandre-Babbe and van dier Bliek, 2008; Otera et al., 2010) to determine whether promoting mitochondrial fission has the same consequence as blocking fusion; and (2) Mfn2 has a variety of functions in addition to its role in mitochondrial fusion. Repression of Mfn1 function as described by Papanicolaou et al. (Papanicolaou et al., 2012) could be used to further pursue the specific role of mitochondrial fusion in regulation of cardiomyocyte hypertrophy.
In conclusion, the present study demonstrates a close relationship between mitochondrial dynamics and the development of cardiac hypertrophy, showing that norepinephrine promotes mitochondrial fission by the activation of the a 1 -adrenergic-receptor-Ca 2+ -calcineurin-Drp1 signaling pathway resulting in a decrease in mitochondrial metabolism and function. Importantly, we demonstrate that controlling the balance between mitochondrial fission and fusion is sufficient to promote or prevent cardiomyocyte hypertrophy. These new findings suggest a mechanism through which mitochondrial dynamics could play a key role in hypertrophic growth and pathological remodeling of the heart. Furthermore, our work identifies intervention of mitochondrial dynamics as a new potential therapeutic target for the prevention or control pathological cardiac hypertrophy.
MATERIALS AND METHODS
Reagents
Antibodies against OPA1 and Mfn2 were purchased from Abcam; antiDrp1 antibody was obtained from BD Transduction Laboratories. Parkin antibody was obtained from Millipore (05-882). Fis1 antibody was purchased from Alexis Biochemicals. Antibody against phosphorylated Drp1 (Ser637) was purchased from Cell Signaling (4867s) and mtHsp70 was from Affinity BioReagents. Tetramethylrhodamine methyl ester (TMRM), Mitotracker Green FM, FBS and Alexa Fluor secondary antibodies were from Invitrogen. The antibodies against RCAN 1.4, btubulin and a-actin, as well as the reagents norepinephrine, oligomycin, dihydrorhodamine 123, carbonyl cyanide m-chlorophenylhydrazone (CCCP), Dulbecco's modified Eagle's medium (DMEM), M199 medium and others were purchased from Sigma-Aldrich. Protein assay reagents were from Bio-Rad. The generation and use of AsMfn2 and Drp1K38A was previously described (Bach et al., 2003; Liesa et al., 2008; Hernández-Alvarez et al., 2013) . Adenovirus CAIN and calcineurin were kindly provided by Jeffrey D. Molkentin (Division of Molecular Cardiovascular Biology, Children's Hospital Medical Center, Cincinnati, USA). Cardiomyocytes were transduced with adenoviral vectors at a multiplicity of transduction (MOI) of 300, 24 h before norepinephrine treatment. Adenovirus LacZ was used as control.
Cardiomyocyte hypertrophy evaluation
Sarcomerization was determined by epifluorescence microscopy analysis (Carl Zeiss Axiovert 135, LSM Microsystems) of methanolpermeabilized cells stained with phalloidin-Rhodamine (1:400; F-actin staining) as previously described (Munoz et al., 2010) . At least 50 cells from randomly selected fields were analyzed using the ImageJ software (NIH).
ATP measurement
Cells were plated in gelatine-coated 96-well plates and ATP content was determined using a luciferin/luciferase based assay (Cell-Titer Glo Kit, Promega) .
Cell viability assay
The integrity of the plasma membrane of cardiomyocytes was assessed by the ability of cells to exclude propidium iodide). Cells were washed once with PBS and dyed with 0.1 mg/ml propidium iodide. The levels of propidium iodide incorporation were quantified on a FACScan flow cytometer. Cell size was evaluated by forward-angle light scattering (FSC). PI-negative cells of normal size were considered alive (Criollo et al., 2007; Marambio et al., 2010) .
Culture of neonatal rat cardiomyocytes
Cardiomyocytes were isolated from hearts of neonatal Sprague-Dawley rats as described previously (Galvez et al., 2001 ). Rats were bred in the Animal Breeding Facility of the University of Chile. All the experiments were in agreement to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (2011) and approved by our Institutional Ethics Review Committee. Cardiomyocytes were plated at a final density of 1610 3 -8610 3 /mm 2 on gelatin-coated 35, 60 or 100 mm Petri dishes. For fluorescence measurements, cells were plated on gelatin-coated 25 mm glass coverslips in 35-mm Petri dishes. Once primary cell cultures of cardiomyocytes were obtained they were incubated with or without norepinephrine (10 mM) for 0-48 h in DMEM and M199 (4:1) medium, in the presence or absence of the different inhibitors or reagents. Cultured cardiomyocytes were identified using an anti-b-MHC antibody and cell cultures were at least 95% pure.
Analysis of Y m and ROS by flow cytometry
Y m and ROS were measured after loading cardiomyocytes with tetramethylrhodamine methyl ester (200 nM, 30 min), as previously described (Munoz et al., 2010) , or dihydrorhodamine 123 (100 mM, 30 min), respectively. Cell fluorescence was determined by flow cytometry using a FACScan system (Becton-Dickinson).
Immunofluorescence studies and colocalization analysis of Drp1, Fis1 and Parkin Cells cultured on gelatin-coated coverslips were fixed with PBS containing 4% paraformaldehyde and incubated for 10 min in ice-cold 0.1% Triton X-100 for permeabilization. Nonspecific sites were blocked with 1% BSA in PBS for 1 h and then the cells were incubated with antibodies against Drp1 (1:500), Fis1 (1:1000), Parkin (1:500) or mtHsp-70 (1:500). Secondary antibodies were Alexa-Fluor-488-conjugated antimouse-IgG for Drp1 and Parkin or mtHsp-70 and Alexa-Fluor-456-conjugated anti-rabbit-IgG for Fis1 (1:600). For the colocalization analysis only one focal plane was analyzed with a Zeiss LSM-5, Pascal 5 Axiovert 200 microscope. Images obtained were deconvolved and background was subtracted using the ImageJ software. Colocalization between the proteins was quantified using the Manders' algorithm, as previously described (Manders et al., 1993; Costes et al., 2004; Parra et al., 2008; Ramírez et al., 2010) .
Mitochondrial isolation
Cardiomyocytes (7610 6 ) were cultured in 10-cm Petri dishes. After treatment, mitochondria were fractionated using a mitochondrial isolation kit for cultured cells (Abcam) according to the manufacturer's instructions. To ensure the purity of the fraction, the presence of mtHsp70 and GAPDH were used as a mitochondrial and cytosolic markers, respectively.
Measurement of cytoplasmic Ca
2+
To determine cytoplasmic Ca 2+ levels, images were obtained from cultured cardiomyocytes preloaded with fluo3 am using an inverted confocal microscope (Carl Zeiss LSM-5, Pascal 5 Axiovert 200 microscope). Cardiomyocytes were washed three times with Ca 2+ -containing resting medium (Krebs buffer) to remove DMEM/M199 culture medium, and loaded with 5.4 mM fluo3 am for 30 min at room temperature. After loading, cells were washed either with the same buffer and used within 2 h. Cells containing coverslips were mounted in a 1 ml capacity chamber and placed in the microscope for fluorescence measurements after excitation with a laser line of 488 nm. Norepinephrine was quickly (less than 1 s) added to the chamber. The fluorescent images were collected every 1 s and analyzed frame by frame with Image J software (NIH, Bethesda, MD). To quantify fluorescence, the summed pixel intensity was calculated from the section delimited by the contour of a whole cell. Intracellular Ca 2+ levels were expressed as relative total fluorescence [DF/F 0 , ratio of fluorescence difference, stimulated-basal (F i 2F 0 ), to basal value (F 0 )] as a function of time. The fluorescence intensity increases proportionally with intracellular Ca 2+ (Ibarra et al., 2004; Chiong et al., 2010) . Digital image processing was performed as previously described (Ibarra et al., 2004; Chiong et al., 2010) . Under our experimental conditions (0-100 s), no photobleaching was observed.
Mitochondrial dynamics analysis
Cells were incubated for 30 min with Mitotracker Green FM (400 nM) and maintained in Krebs solution. Confocal image stacks were captured with a Zeiss LSM-5, Pascal 5 Axiovert 200 microscope, using LSM 5 3.2 image capture and analysis software and a Plan-Apochromat 6361.4 NA oil DIC objective, as previously described (Parra et al., 2008; Parra et al., 2014) . Images were deconvolved with Image J (NIH) and then, z-stacks of thresholded images were volume-reconstituted using the VolumeJ plug-in. The number and individual volume of each object (mitochondria) were quantified using the ImageJ-3D Object counter plug-in. Once individual mitochondrial volume was obtained for each mitochondrial particle, the values were averaged and are expressed relative to the controls. A decrease in mean mitochondrial volume together with an increase in the number of mitochondria was considered as fission criteria (Szabadkai et al., 2004; Yu et al., 2006) . The percentage of cells with a fragmented pattern was also determined (Yu et al., 2006) . Each experiment was performed at least four times and 16-25 cells per condition were quantified.
Oxygen consumption determination in live cells
Cells plated on 60-mm gelatine-coated dishes were trypsinized and then re-suspended in PBS. The cells were placed in a sealed chamber at 25˚C, coupled to a Clark electrode 5331 (Yellow Springs Instruments). Data obtained correspond to the amount of oxygen remaining in the chamber in time. Cells were maintained in the chamber for 20 min in order to calculate the rate of oxygen consumption.
Analysis of mRNAs by qPCR
Real-time PCR was performed with SYBR green (Applied Biosystems) as previously described . Data for each transcript were normalized to 18S rRNA as internal controls with the 2-DDCt method. Primers used were as follows: ANF rat forward, 59-CTTCTTCCTCTTCCTGGCCT-39, and reverse, 59-TTCATCGGTC-TGCTCGCTCA-39; and RCAN1.4 rat forward, 59-CCCGTGAAAAAG-CAGAATGC-39; RCAN1.4, and rat reverse 59-TCCTTG TCATAT-GTTCTGAAGAGGG-39.
Western blot analysis
Equal amounts of protein from cells were separated by SDS-PAGE (10% polyacrylamide gels) and electrotransferred to nitrocellulose. Membranes were blocked with 5% milk in Tris-buffered saline, pH 7.6, containing 0.1% (v/v) Tween 20 (TBST). Membranes were incubated with primary antibodies at 4˚C and re-blotted with horseradish peroxidase-linked secondary antibody [1:5000 in 1% (w/v) milk in TBST]. The bands were detected using ECL with exposure to Kodak film and quantified by scanning densitometry. Protein content was normalized by b-tubulin or mtHsp70 levels.
Statistical analysis
Data are shown as mean6s.e.m. for the number of independent experiments indicated (n) and represent experiments performed on at least three separate occasions. Data were analyzed by one-way ANOVA and comparisons between groups were performed using a protected Tukey's test. Statistical significance was defined as P,0.05.
